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Library of Novel "Unnatural" Natural Products 

Reference to Government Funding 
This invention was supported in part by SBIR grant 1R43-CA75792-01 . The U.S. 
government has certain rights in this invention. 

Field of the Invention 
The present invention provides recombinant DNA compounds and host cells 
containing novel polyketide synthase (PKS) genes and novel polyketides. The invention 
relates to the fields of chemistry, medicinal chemistry, human and veterinary medicine, 
molecular biology, pharmacology, agriculture, and animal husbandry. 

Background of the Invention 
Few molecules have captured interest in both chemotherapy and chemistry to the 
extent of the polyketide erythromycin and its semi-synthetic derivatives. Erythromycin and 
its congeners are the third most widely used class of antibiotics, with current worldwide sales 
exceeding US S3. 5 billion. In addition, erythromycin analogs are gaining interest for their 
potential use in the treatment of gastrointestinal disorders (Omura, "The expanded horizon for 
microbial metabolites - areview," Gene 115, 141-149 (1992)), inflammatory diseases 
(Kawasaki etal. y "Roxithromycin inhibits cytokine production by and neutrophil attachment 
to human bronchial epithelial cells in vitro" Antimicrob. Agents Chemother, 42, 1499-1502 
(1998)), and as next-generation antibiotics for treatment of emerging drug-resistant strains of 
bacteria (Agoudiras et al, "In-vitro antibacterial activity of RU 004 (HMR 3004), a novel 
ketolide derivative active against respiratory pathogens" Antimicrob. Agents Chemother. 41, 
2149-2158 (1997)). 

The chemical challenges of erythromycin attracted the talents of R. B. Woodward and 
48 colleagues who described its complete synthesis in a series of landmark publications 
(Woodward et ai, "Asymmetric total synthesis of erythromycin. 1 . Synthesis of erythronoiide 
A secoacid derivative via asymmetric induction;" 2. Synthesis of an erythronoiide A lactone 
system;" and 3. Total synthesis of erythromycin/V. Am. Chem. Soc. 103, 3210-3217 (1981)), 
and of a cadre of medicinal chemists who prepared analogs leading to the important second 
generation of macrolide antibiotics - clarithromycin, azithromycin, and others (Chu, "Recent 
developments in 1 4- and 1 5-membered macrolides," Exp. Opin. Invest. Drugs 4, 65-94 
(1995)). Although such efforts effectively saturated the chemical modifications possible at the 
existing functional groups of the macrolide ring, most of the ring remained inert to chemical 
modification. 
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The modular nature of polyketide biosynthesis (Cortes et al. t "An unusually large 
multifunctional polypeptide in the erylhromycin-producing polyketide synthase of 
Saccharopolyspora erythraea" Nature 348, 176-178 (1990); and Donadio et ai, "Modular 
organization of genes required for complex polyketide biosynthesis," Science 252, 675-679 
(1991)) has facilitated genetic engineering strategies for the production of novel polyketides 
(McDaniel et al., lt Rational design of aromatic polyketide natural products by recombinant 
assembly of enzymatic subunits," Nature 375, 549-554 (1995) and Katz, "Manipulation of 
modular polyketide synthases/' Chem. Rev. 91, 2557-2576 (1997)). 

The "modular" PKSs are each encoded by a cluster of contiguous genes and have a 
linear, modular organization of similar catalytic domains that both build and modify the 
polyketide backbone. Each module contains a set of three domains - a ketosynthase (KS), an 
acyltransferase (AT), and an acyl carrier protein (ACP) - that catalyze a 2-carbon extension 
of the growing polyketide chain (Figure 1 and O'Hagan, The polyketide metabolites (E. 
Horwood, New York, 1991)). The choice of extender unit used by each module - acetate, 
propionate, or other small organic acids in the form of CoA thioesters - is determined by the 
specificity of the AT domain (Oliynyk et al* "A hybrid modular polyketide synthase obtained 
by domain swapping," Chem. & Biol 3, 833-839 (1996); Liu et a!: y "Biosynthesis of 2-nor-6- 
deoxyerythronolide B by rationally designed domain substitution,"./. Am. Chem. Soc. 119, 
10553-10554 (1997); and Ruan et al, "Acyltransferase domain substitutions in erythromycin 
polyketide synthase yields novel erythromycin derivatives," J. Bacterioi 179, 6416-6425 
(1997)). 

With each 2-carbon chain extension, the oxidation state of the B-carbon is embedded 
as a ketone, hydroxyl, methenyl, or methylene group by the presence or absence of one, two, 
or three additional catalytic domains in the module - a ketoreductase (KR), dehydratase (DH) 
and/or enoyl reductase (ER). In effect, the composition of catalytic domains within a module 
provides a "code" for the structure of each 2-carbon unit, and the order of modules codes for 
the sequence of the 2-carbon units, together creating a linear template for the linear 
polyketide product. The remarkable structural diversity of polyketides is governed by the 
combinatorial possibilities of arranging catalytic domains within each module, the sequence 
and number of modules, and the post-polyketide synthesis cyclization and "tailoring 
enzymes" that accompany the PKS genes. The direct correspondence between the catalytic 
domains of modules in a PKS and the structure of the resulting biosynthetic product portends 
the possibility of modifying polyketide structure by modifying the domains of the modular 
PKS. 

There remains a need for compounds with modifications of the chemically inert sites 
of polyketides such as erythromycin that can be produced by genetic engineering. Such novel 
macrolides could in themselves provide the basis for new pharmaceuticals or serve as 
scaffolds for new semi-synthetic analogs. The present invention meets this need. 
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Summary of the Invention 

The present invention provides a library of recombinant PKS genes, host cells 
containing those genes, and the polyketides produced by those host cells. The polyketides 
provided by the invention include the polyketides shown in Figure 2, as well as the 
polyketides that can be prepared by any of the myriad possible combinations of the 
recombinant PKS genes of the invention. 

The present invention also provides the glycosylated and hydroxy lated forms of the 
polyketides of the invention that can be produced by contacting the polyketides described 
herein with host cells selected from the group consisting of Saccharopolyspora erytkraea, 
Streptomyces venezuelae, S. narhonensis, S. antibioticus, S. fradiae, S. thermotolerans, and 
Micromonospora megalomicea. The invention also provides compounds derived from the 
foregoing by chemical modification, including the C-6 to C-9 hcmiketals formed from the 
compounds of the invention having a C-6 hydroxyl group and a C-9 keto group by treatment 
with mild acid. 

The present invention also provides novel polyketides in isolated and purified form, as 
well as in cultures of recombinant host cells. Particular polyketides provided include 5,6- 
dideoxy-lO-norerythronolide B, 6-deoxy-12-norerythronolide B, 2 J 0-bisnor-3-oxo-6-deoxy- 
10,1 1-arthydroerythronolide B, and 2,4-bisnor-3-oxo-6-deoxyerythronolide B, as well as the 
glycosylated and hydroxy lated forms thereof. 

The present invention also provides the polyketide compounds of the invention in the 
form of pharmaceutical compositions, and methods for using the same in the treatment of 
disease. 

These and other embodiments, modes, and aspects of the invention are described in 
more detail in the following description, the examples, and claims set forth below. 

Description of the Drawings 
Figure 1 shows the genetic architecture of 6-deoxyerythronolide B synthase (DEBS). 
Each module catalyses one cycle of chain extension and associated B-keto modification. 
DEBS catalyzes formation of 6-deoxyerythronolide B (1) from decarboxylative 
condensations between one propionyl CoA priming unit and six methylrnaldnyl CoA 
extender units. For fi-carbon processing, modules 1, 2, 5, and 6 contain ketoreductase (KR) 
domains, module 4 contains the complete KR, dehydratase (DH), and enoyl reductase (ER) 
domain set, and module 3 lacks any functional fl-carbon modifying domains. The loading 
segment consists of priming AT and ACP domains, and a thiocsterase (TE) catalyzes the 
release and cyclization of the polyketide chain. To construct the recombinant genes described, 
restriction endonuclease sites were engineered around AT and KR domains in modules 2, 5, 
and 6 (B, BamHl; P, Pstl; X, Xbal). 
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Figure 2 shows the combinatorial library of erythronolide polyketides provided by the 
present invention. 



Detailed Description of the Invention 
5 The present invention provides a combinatorial library of novel polyketides produced 

*° by novel genetically engineered proteins related to deoxyerythronolide B synthase (DEBS), 

the PKS that produces the macrolide ring of erythromycin. The library was constructed by 
substituting the ATs and B-carbon processing domains of DEBS with counterparts from the 
rapamycin PKS (RAPS; Schwecke et aL, 'The biosynthetic gene cluster for the polykctide 
15 10 immunosuppressant rapamycin," Proc. Natl. Acad, Sci. t U.S.A. 92, 7839-7843 (1995)) thai 

encode alternative substrate specificities and B-carbon reduction/dehydration activities. 
Engineered DEBS containing single, double, and triple catalytic domain substitutions 
catalyzed production of novel erythromycin macrolactones with corresponding single, 
20 double, and triple modifications. The ability to manipulate multiple catalytic centers of the 

1 5 PKS simultaneously demonstrates the robustness of the engineering process and the potential 
for creating libraries of novel polyketides that are impractical to prepare in the chemistry 
laboratory. 

25 The DEBS multienzyme complex consists of three large subunits (>300 kDa), each 

containing 2 modules (Figure 1). In all, there are 28 catalytic domains responsible for the 
20 priming, chain extension, B-carbon modification, and cyclization of the polyketide during 
biosynthesis of 6-dcoxyerythronolide B (6-dEB, 1; Cortes et al. y "An unusually large 
30 multifunctional polypeptide in the erythromycin-producing polyketide synthase of 

Saccharopolyspora erythraea" Nature 348, 176-178 (1990) and Donadio et al., "Modular 
organization of genes required for complex polyketide biosynthesis/* Science 252, 675-679 
25 (1991)). 

35 Thus far, individual mutagenesis strategies that have successfully altered the catalytic 

properties of DEBS include: 

i) deletion of modules to control chain length (Kao et at., "Engineered biosynthesis of 
a triketide lactone from an incomplete modular polyketide synthase,** J. Am. Chem, Soc. 116, 

40 30 11612-11613 (1994); Cortes et al. t "Repositioning of a domain in a modular polyketide 

synthase to promote specific chain cleavage," Science 268, 1487-1 489 (1995); Kao et al., 
"Manipulation of macrolide ring size by directed mutagenesis of a modular polyketide 
synthase," /. Am. Chem. Soc. 117, 9105-9106 (1995); and Kao et al., "Engineered 

45 biosynthesis of structurally diverse tetraketides by a trimodular polyketide synthase/* J. Am. 

35 Chem. Soc. 118, 9184-9185 (1996)); 

ii) inactivation of reduction/dehydration domains to bypass B-carbon processing steps 
(Donadio et aL } "Modular organization of genes required for complex polyketide 
biosynthesis/* Science 252, 675-679 (1 991 ); Donadio et al., "An erythromycin analog 
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produced by reprogramming of polyketide synthesis," Proc. Natl. Acad. Sci. U.S.A. 90, 7119- 
7123 (1993); and Bedford et aL, "A functional chimeric modular polyketide synthase 
generated via domain replacement," Chem. & Biol 3. 827-831 (1996)); 

iii) substitution of AT domains to alter starter and extender unit incorporation 
5 (Oliynyk et aL, "A hybrid modular polyketide synthase obtained by domain swapping," 

Chem. & Biol 3, 833-839 (1996); Liu era/., "Biosynthesis of 2-nor-6-deoxyerythronolide B 
by rationally designed domain substitution," J. Am. Chem. Soc. 119, 10553-10554 (1997); 
Ruan et al. r "Acyltransferase domain substitutions in erythromycin polyketide synthase yields 
novel erythromycin derivatives," J. Bacterial 179, 6416-6425 (1997); Marsden et al, 
15 10 "Engineering broader specificity into an antibiotic-producing polyketide synthase," Science 

279, 199-202 (1998); and Stassi et al., "Ethyl-substituted erythromycin derivatives produced 
by directed metabolic engineering/' Proc. Natl. Acad. Sci. USA 95, 7305-7309 (1998)); 

iv) addition of reduction/dehydration domains to introduce catalytic activities 

20 (McDaniel et aL, "Gain-of-function mutagenesis of a modular polyketide synthase' V. Am. 

15 Chem. Soc. 119, 4309-4310 (1997) and Kao et al, "Gain of function mutagenesis of the 
erythromycin polyketide synthase, 2. Engineered biosynthesis of an eight-membered ring 
tetrakctidc lactone," J. Am. Chem. Soc. 119, 1 1339-1 1340 (1997)); and 
25 v) substitution of ketoreductase (KR) domains to control hydroxyl stereochemistry 

(Kao et al., "Alcohol stereochemistry in polyketide backbones is controlled by the 6- 
20 ketoreductase domains of modular polyketide synthases/ V. Am. Chem. Soc. 120, 2478-2479 
(1998)). 

30 Although these experiments revealed some tolerance of DEBS for alteration of 

individual activities, the extent of this tolerance dictates the utility of the approach for 
producing large numbers of polyketides, which requires the enzyme's acceptance of multiple 
25 changes in the biosynthetic pathway. The present invention illustrates the nature and size of 
35 libraries that can be expected from the combinatorial manipulation of modular PKSs. 

The present invention provides systematically engineered single and multiple 
enzymatic domain substitutions in DEBS and demonstrates the broader applicability of PKS 
mutagenesis techniques. Modules 2, 5, and 6 of DEBS possess only a KR for G-carbon 
40 30 processing, and provide an excellent template for systematically testing the effects of AT 

specificity alteration, reductive domain deletion, and reductive domain gain-of- function on 
three different, albeit similar, modules. 

For AT substitutions, the maionyl CoA transferase from module 2 of RAPS {rap AT2) 
45 was used to replace AT domains of DEBS. The resulting mutants were expected to 

35 incorporate acetate rather than propionate units to generate 6-dEB analogs lacking a methyl 
substitucnt at the engineered positions (Oliynyk et al., "A hybrid modular polyketide 
synthase obtained by domain swapping," Chem. & Biol 3, 833-839 (1996) and Liu et aL, 
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"Biosynthesis of 2-nor-6-deoxyerythronolide B by rationally designed domain substitution," 
J. Am. Chem. Soc. 119, 10553-10554 (1997)). 

Gain-of-function mutagenesis was performed by replacement of ketoreductases with 
cassettes containing the DH+KR domains from RAPS module 4 (rapDH/KR4) and the 
5 DH+ER+KR domains from RAPS module 1 (/yz/?DH/ER/KR1). Successful substitution with 
these cassettes replaces the corresponding hydroxyl moieties of 6-dEB with alkene and alkanc 
carbons, respectively (McDaniel et a/., "Gain-of-function mutagenesis of a modular 
polyketide synthase,"./ Am. Chem. Soc. 119. 4309-4310 (1997) and Kao et ai., "Gain of 
function mutagenesis of the erythromycin polyketide synthase. 2. Engineered biosynthesis of 

1 0 an eight-mcmbcred ring tetraketide lactone " J. Am, Chem. Soc. 1 19, 1 1 339-1 1 340 (1997)), 
Deletion mutagenesis to convert hydroxyl groups of 6-dEB to ketones was performed by 
substituting ICR domains with a synthetic 18 amino acid fragment (AT/ACP linker) joining 
the AT and ACP domains. 

Restriction sites were engineered around the boundaries of the AT and KR domains to 

1 5 facilitate mutagenesis (Figure 1). The engineered sites had no effect on the level of 6-dEB 
production. Appropriate cassettes from RAPS were then inserted into the AT or KR positions 
of modules 2, 5, and 6 of the full DEBS system encoded on the Streptomyces expression 
plasmid pCK7 (Kao et al. y "Engineered biosynthesis of a complete macrolactone in a 
heterologous host," Science 265, 509-5 12(1 994) and U.S. Patent No. 5,672,49 1). The 

20 resulting piasmids were introduced into either Streptomyces coelicoior CH999 (McDaniel et 
aL, "Engineered biosynthesis of novel polyketides " Science 262, 1546-1557 (1993) and U.S. 
Patent No. 5,672,491) or Streptomyces lividans K4-1 14 (Ziermann and Betlach, Jan. 99, 
BioTechniques 26:\Q6-\ 10) and the transformed strains analyzed for polyketide production 
by LC/MS. 

25 Nearly all of the strains expressing PKSs with a single mutation produced polyketides 

with molecular weights matching the predicted 6-dEB analog, and with production levels 
ranging from 1 to 70 percent of wild-type 6-dEB (1), as shown in Table 1 , below. 
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Table 1 

Polyketides produced by AT and KR Substitutions in DEBS modules 2, 5, and 6 

_ Relative 
Mutation 6-dEB Analog Product Cmpd # Yield 



rap Ail 
AT/ACP linker 
rapDH/KR4 
rapDH/ER/KRl 



lU-desmetiiyl 
NP 

10,11-anhydro 
11-deoxy 



3 
4 



~TJ7 

0.02 
0.2 



Module 5 



50 



rapATL 
AT/ACP linker 
rapDH/KR4 
rapDWSWKRl 



4- desmethyl 

5- deoxy-5-oxo 
4,5-anhydro 
5-deoxy-5-oxo; 5-deoxy 



7 
8 
9 

8, 10 



0.04 
0.1 
ND 
0.5, 0.04 
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Module 6 
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Module 
2(AT+KR) 



Module 
6<AT+KR) 



rap AT2 
AT/ACP linker 

rapDH/KR4 
rapDWEfUKR\ 

rapAT2+AT/ACP linker 

rapAT2+rapDWKR4 
rap AT2 -t rapDIl/ER/KRl 

rap AT2 4 - AT/ACP linker 

rapAT2+ra/?DH/KR4 
ra/>AT2+ny?DH/ER/KRl 



2-desmethyl 


11 


0.7 


3-dcoxy*3-oxo; 2-desmethyI-3- 


12, 14 


0.3.0.4 


deuxy-3-oxo 






2,3-anhydro 


13 


0.4 


3-deoxy-3-oxo; 2,3-anhydro 


12,13 


0.3, 0.2 


NP 






I O-desmethy 1- 1 0, 1 1 -anhydro 


5 


<0.005 


10-dcsmethyl-I I-deoxy 


6 


O.005 


2-desmethyl-3-deoxy-3-oxo 


14 


0.2 


2-desmethyl-(3-epi) 


15 


ND 


2-desmethyl-3 -deoxy-3-oxo 


14 


ND 



compounds arc shown in Figure 2. ND is not determined. 

The rap All substitutions generated functional hybrid PKSs in each of the three 
5 modules, producing 1 0-desmethyl (2), 4-desmethyl (7), and 2-desmethyl (11) 6-dEB analogs 
as predicted. All three rapDH/KR4 substitutions also resulted in functional PKSs, generating 
10,1 1 -anhydro (3), 4,5-anhydro (9), and 2,3-anhydro (13) derivatives. The two strains 
carrying the AT/ACP linker substitutions in modules 5 and 6 produced 5-deoxy-5-oxo (8) 
(previously reported as erythromycins by Donadio et aL, "Modular organization of genes 

1 0 required for complex polyketide biosynthesis " Science 252, 675-679 ( 1 99 1 )) from an 
eryKRS deletion in S. erythraea), and 3-deoxy-3-oxo (12) 6-dEB analogs. However, a 
macrolidc product was not detected from the PKS with the KR deletion in module 2, 
suggesting that either DEBS module 3 did not process the B-ketone triketide intermediate or 
the product was formed at low levels. Production of 1 1-deoxy (4) and 5-deoxy (10) 6-dEB 

1 5 analogs was achieved by replacing the existing KR in modules 2 or 5 with ra/?DH/ER/KRl . 
In addition, the C-3 ketone derivative, 8 (see above), was also produced with the 
rapD H/ER/KR1 replacement in module 5, suggesting that transfer of the unprocessed ft-keto 
intermediate occurs at rates competitive with ketoreduction by rapKRl . 

The rapDH/ER/KRl substitution in module 6 failed to generate a fully C-3 reduced 

20 compound, and the observed ketone (12) and alkene (13) products suggested that reductions 
catalyzed by the KR and ER domains are slow relative to lactone formation by the TE. An 
unexpected macrolidc product was also observed from the PKS with the AT/ACP linker 
substitution in module 6 (see Table 1, above). Purification and characterization by mass 

spectrometry and *H and ^C-NMR spectroscopy revealed the structure to be 2-desmelhy!-3- 
25 deoxy-3-oxo-6-dEB (14), which arises from misincorporation of an acetate monomer in 
module 6. Although relaxed specificities of AT domains arc known (Stassi et al., "Ethyl- 
substituted erythromycin derivatives produced by directed metabolic engineering Proc. 
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Natl. Acad Sci. USA 95, 7305-7309 (1998) and Kao et a/., "Engineered biosynthesis of a 
complete macrolactone in a heterologous host " Science 265, 509-512 (1994)), it is not 
obvious how non-AT domain replacements can affect the specificity of monomer addition. 
Next, substitution of both the AT and KR domains within a single module was 
5 performed in modules 2 and 6 to examine the tolerance for simultaneous alteration of 

extender unit and B-carbon processing within a single module. Six mutants were constructed, 
with three producing the targeted doubly modified 6-dEB analogs (see Table 1, above). 

The absence of product from the PKS containing the ra/?AT2-f-AT/ACP linker double 
mutation in module 2 is consistent with the lack of product formation observed with the 
15 1 0 parental single AT/ACP linker substitution. The other two combinations in module 2, 

rapAT2 irapDl VKR4 and rap AT2+n2/?DH/ER/KRl, yielded small amounts of the expected 
10-desmethyl-10,l 1-anhydro (5) and 10-desm ethyl- 1 1-deoxy (6) 6-dEB derivatives. 
The PKS carrying the rapAT2+AT/ACP substitution in module 6 produced the 
20 anticipated 2-desmethyl-3-deoxy-3-oxo-6-dEB (14) with identical HPLC retention time and 

15 mass fragmentation pattern as the compound unexpectedly formed by the PKS with the 
AT/ACP substitution alone (see above). Compound 14 was also the only product identified 
with the module 6 ra/?AT2+ra/?DH/ER/KRl combination and is consistent with the slow rate 
25 of ketoreduction observed for the single rapDWER/KR\ substitution at this position. 

The rapAT2+rapDWKR4 cassettes in module 6 produced a compound (14) with 
20 mass spectrum consistent with 2-desmethyl-6-dEB (H) indicating that ketoreduction, but not 
dehydration, occurred. However, because the rapKR4 domain catalyses ketoreduction with 
30 the opposite stereospecificity of eryKR6 (Kao et aL> "Alcohol stereochemistry in polyketide 

backbones is controlled by the B-kctoreductase domains of modular polyketide synthases," J. 
Am. Chem. Soc. 120, 2478-2479 (1998)), and because the HPLC retention time of this 
25 compound is different from 11,14 is determined to be the C-3 hydroxyl epimer of U. 
35 Substitutions in two separate modules were next engineered to manipulate 

biosynthctic steps more distant in the biosynthetic pathway. All functional single 
substitutions in module 2 were combined with all functional substitutions in module 5 or 
module 6, giving a total of sixteen combinations (see Table 2, below). 
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Table 2 

Combinatorial double and triple substitutions and polyketide products 



Module l - Module 5 
double mutants 



Module 2 - Module 6 
double mutants 



triple mutants 



Module 2 


Mutation 

Module 5 or 6 


o-ubo Analog Product 


Cmpd# 


rapAll 


A! /A CP linker 


5-deoxyooxo- 1 0-dcsmethyl 


16 


rap AT2 


rapDWKK4 


4 ,5 -anhydro- 1 0-desmethyl 


17 


rapAH 
rapDWKR4 


rapDWERJKRl 
rapATl 


5-deoxy-5oxo-l 0-desmethyl; 5- 
dcoxy- 1 0-desmethyl 
4-desmethyl- 1 0, 1 f-anhydro 


16,18 
19 


rapDWKR4 


AT/ACP linker 


5-dcoxy-5-oxo-10,l 1-anhydio 


20 


rapt>WKR4 


rapDH/ER/KRl 


NP 




rapDH/ER/KRl 


rapATl 


4-desmethyl~l 1-deoxy 


21 


rapDWER/KR 1 


AT/ACP linker 


5, 11 -dideoxy- 5-oxo 


22 


rapDH/ER/KRt 


rapDH/KR4 


4,5-anhydio- 1 1-deoxy 


23 


rapAT2 


rapATl 


2,10-didesmethyl 


24 


rapAT2 


AT/ACP linker 


3-dcoxy-3-oxo- 1 0-desmcthy 1 


25 


rapATl 


rjpDH/KR4 


2 t 3-anhydro- 1 0-desmethyl 


26 


rapDYVKR.4 


rapATl 


2 -desmethyl- 1 0, 11 -anhydro 


27 


rapT>WKR4 


AT/ACP linker 


3-deoxy-3-oxo- 1 0, 1 1 -anhydro 


28 


rapDH/ER/KRt 


rapAT2 


2 -desmethyl- 1 1 -deoxy 


29 


ropDH/ER/KRl 


AT/ACP linker 


3-deoxy-3-oxo- 1 1-deoxy 


30 


rap AT \ 4 

rapDH/KR4 

rapDH/ER/KRl 


rapAT2+ AT/ACP 
linker 

rapAT2+ AT/ACP 
linker 

rapAT2+ AT/ACP 
linker 


2,10-didcsmethyl-3-deoxy-3-oxo 

2-desmethy!-3-deoxy-3-oxo-I0,l 1- 
anhydro 

2-desmethyl-3,l l-dideoxy-3-oxo 


31 
32 
33 


KR2-> 

rapDH/ER/KRl , 


KR5->AT/ACP 
linker, AT6- 
>rapAT2 


2-desmethy 1-5,1 1 -dideoxy-5-oxo 


34 



mutants fell to below 0.1 mg/L and could not be accurately determined by ELSD, except 
5 compound 29, which was produced at approximately 0,2 mg/L. 

Macrolide products were detected by LC/MS in the culture extracts from fifteen of these 
mutants, although production levels decreased compared to parental single domain 
replacements. In each case, the mass spectrum was consistent with the compound(s) expected 

10 from the newly introduced catalytic activities (compounds 16-30). The decline in polyketide 
litres by these combinatorial mutants probably reflects substrate preferences by downstream 
activities for distally altered regions of a biosynthetic intermediate. 

Finally, triple domain substitutions were created to further test the catalytic pliancy of 
DEBS mutants. To optimize yields, only the most productive AT+KR double substitution in 

1 5 module 6 (rap AT2+ AT/ACP linker) was combined with functional AT or KR substitutions in 
module 2 (rapATl, rapDH/KR, rapDWWJKRX) (see Table 2, above). Analysis of the 
culture extracts indicated that these engineered DEBS produced compounds with mass 
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spectra matching the expected 2,4-didesmcthyl-3-deoxy-3-oxo (31), 2-desmethyl-3-deoxy-3- 
oxo- 10,1 1-anhydro (32), and 2-desmethyl-3-10-dideoxy-3-oxo (33) 6-dEB macrolactones. A 
fourth triple mutant was also engineered, this time manipulating a catalytic domain in each of 
three modules. The most productive single substitutions from module 2 (ra/?DH/ER/KRl), 
5 module 5 (AT/ACP linker), and module 6 (rap ATI) were combined in a single DEBS 

construct (Tabic 2, above). Again, a compound was formed with mass spectra matching the 
expected analog, 2-desmethy 1-5,1 l-dideoxy-5-oxo-6-dEB (34). 

In addition to this series of combinatorial mutants, other substitutions have been 
successfully used to extend the number and diversity of compounds in the erythromycin 
15 1 0 library. These include replacement of the AT and KR domains in module 1 (with rap AT2 and 

rapKR2) to give the 12-nor-6-dEB analog (35) and module 3 (with rap A12) to give the 8- 
nor-6-dEB analog (36), and of the DH/ER/KR domain in module 4 (with rapDWKR4) to 
give the 6,7-anhydro-6-dEB analog (37). Substitution of the KR in module 6 with the KR 
20 from RAPS modute 2, which catalyzes reduction with opposite stereospeciftcity to the DEBS 

1 5 KR, results in the formation of a 6-dEB analog with LC/MS consistent with an altered 3- 
hydroxyl stereochemistry (38). 

The remainder of the compounds in Figure 2 represent combinatorial substitutions in: 
25 module 2 and module 5 (39, 40), including the «*/>DH/ER/KRl substitution in module 

2 and the rapAT2 and rap\4 linker substitution in module 5 to yield the 4-nor-5-oxo-l 1- 
20 deoxy-6-dEB analog (40), 

module 2 and module 6 (41-49), including compound 43, which is identical to 
30 compound 31, above, 

module 3 and module 6 (50), and 

module 5 and module 6 (51-62), including the rap ATI substitution in module 5 and 
25 the rap ATI and rapKRl substitution in module 6 to yield the 2,4-bisnor-3-oxo-6-dEB analog 
35 (58) as well as the 2,4-bisnor-3-epi-6-dEB analog, and the rapAT2 and rapDH/KR4 

substitution in module 2 and the rapAT2 and rap 14 linker substitutions in module 6 to yield 
the 2,10-bisnor-3-keto-10,U-anhydro-6-dEB analog (62). 

This latter compound (62) shows that the present invention provides 6-dEB analogs 
4Q 30 produced by recombinant PKS genes comprising up to four different substitutions at levels 

detectable even in the small-scale cultures described in the Examples below. By using larger 
scale cultures, including large volume fermentors, one can produce any of the compounds of 
the invention, including compounds shown in the Tables above as not detected under the 
45 culture and assay conditions employed. 

35 Moreover, the present invention provides novel polyketides produced by the 

combinatorial assembly of the recombinant PKS genes of the invention. Such combinatorial 
assembly includes the combination of a gene with one, two, or more changes, relative to the 
wild-type gene, with other genes that can include wild-type or recombinant genes. For 



55 



10 



WO 00/24907 1 1 PCT/US99/24483 

example, the present invention provides a recombinant etyAl gene that contains the rapKXl 
domain substituted for the eryATl domain that produces a 12-nor-6-dEB analog when 
combined with wild-type eryAII and eryAIU genes. This recombinant eryAI gene can be 
combined with other mutant eryAII and/or eryAUI genes to provide additional polyketide 
5 compounds of the invention. Moreover, this recombinant eryAI gene can be further modified, 
for example, to change the KR domain of module 2, to provide another ery/i/gene of the 
invention that can in turn be combined with wild-type and'or recombinant eryAII and eryAIU 
genes to provide additional polykctides of the invention. 

The engineered DEBS reported here also produce detectable levels of one or more 
15 1 0 minor components, including the acetate starter unit analogs (producing the 1 3-C methyl 

derivative in addition to the 13-C ethyl derivatives shown in Figure 2) of the major 
compounds (Kao et al., "Manipulation of macrolide ring size by directed mutagenesis of a 
modular polyketide synthase,' V. Am, Chem. Soc, 117, 9105-9106 (1995) and Kao et ai y 
2° "Engineered biosynthesis of a complete macrolactone in a heterologous host," Science 265, 

1 5 509-512 (1994)). Taking these into account, over 1 00 novel macrolide products have been 
generated using a simple combinatorial set of a 6-module scaffold and 5 cassettes. 

Additional diversity can be realized by combining the recombinant PKS genes of the 
25 invention with a gene that codes for a non- functional KS I domain and providing the PKS 

produced thereby with synthetic diketide compounds as described in PCT publication Nos. 
20 99/03986 and 97/02358. The resulting polyketides contain substitutions at the C-l 3 other 
than ethyl (as shown in Figure 2) and thus increase the diversity of the library of polyketides 
30 provided by the present invention. 

Nature has exploited combinatorial biosynthesis to produce the library of some 7,000 
polyketides that is currently known to man, of which about 150 are macrolide variants with 
25 about 30 different 12-, 1 4- and 1 6-macrolide ring structures (Kirst, H.A. (1992) in Kirk- 
35 Othmer Encyclopedia of Chemical Technology, ed. Howe-Grant, M. (Wiley, New York), 

Vol. 3, pp. 169-213). However, the natural polyketides thus far revealed represent only a 
small fraction of the combinatorial potential that might be realized from permutations of 
modules in a PKS. For example, if the two AT and five beta-carbon modifier building blocks 
40 30 used here are permutated into the six modular DEBS PKS, the number of polyketides that 

would result is 10 7 ; complete permutation of the 14-module RAPS PKS with the same 
building blocks could yield a remarkable 10' 4 polyketides! It seems reasonable to expect that 
the most interesting and important polyketides remain within the reservoir of yet 
45 undiscovered molecules. 

35 While the library described herein that was created by engineering DEBS PKS falls 

far short of what is theoretically possible, the methods and reagents provided by the invention 
enables the creation of much larger libraries. Moreover, the number of polyketides described 
_ rt represents about 1 % of the total polyketides known to man. and exceeds the total number of 
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different macrolidc ring structures yet discovered. Further, the structures described here have 
not been found in nature, so the present library is drawn from a yet unexplored pool of the 
potential polyketide library. 

What is required to realize the combinatorial potential of polyketide diversity? The 
experiments described demonstrate manipulation of the major combinatorial elements that 
can be used for engineering modular polyketide biosynthetic pathways ~ AT substitution, ICR 
deletion, KR gain-of- function and FCR stereochemical alteration. Further, one or more of such 
modifications have been successfully applied to each of the six modules of DEBS, 
demonstrating a remarkable plasticity of the PK.S towards foreign domains and intermediates. 
The present invention enables one to apply as many of these modifications to as many 
modules as possible successfully. * 

The present invention demonstrates that if two or more single PKS mutants are 
functional, it is likely that combinations of these will also produce the expected polyketide. 
The experiments described here reflect a stepwise approach of creating productive single 
mutants, then combining two or more of them to prepare multiple mutants. Given the six 
module DEBS, and the two ATs, and five beta-carbon modifier components described here, 
there are less than 60 possible single mutants to be prepared. Once a modest library of 
productive multiple mutants has been prepared, the introduction of additional productive 
mutations in the library results in a multiplicative increase in the library size. For example, 
introduction of 5 new mutations into each of two virgin modules of the library of 50 mutants 
would produce a library of 11 50 polyketides, if all mutants were productive. With appropriate 
efforts, the present invention enables many or most single PKS mutants to be prepared to 
produce the expected polyketides. 

Moreover, the present invention provides far more compounds than the erythronolides 
described in Figure 2 or those that can be achieved by the methods described above. There are 
a wide variety of diverse organisms that can modify erythronolides such as those described 
here to provide compounds with or that can be readily modified to have useful activities. For 
example, Saccharopolyspora erythraea can convert 6-dEB to a variety of useful compounds. 
The erythronolide 6-dEB is converted by the eryF gene product to erythronolide B, which is, 
in turn, glycosylated by the eryB gene product to obtain 3-O-mycarosylerythronolide B, 
which contains L-mycarose at C-3. The enzyme eryC gene product then converts this 
compound to erythromycin D by glycosylation with D-desosamine at C-5. Erythromycin D, 
therefore, differs from 6-dEB through glycosylation and by the addition of a hydroxyl group 
at C-6. Erythromycin D can be converted to erythromycin B in a reaction catalyzed by the 
cryG gene product by methylating the L-mycarose residue at C-3. Erythromcyin D is 
converted to erythromycin C by the addition of a hydroxyl group at C-12 in a reaction 
catalyzed by the eryK gene product. Erythromycin A is obtained from erythromycin C by 
methylation of the mycarose residue in a reaction catalyzed by the eryG gene product. 
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The compounds provided by the present invention can be provided to cultures of 
Saccharopolyspora erythraea and converted to the corresponding derivatives of 
erythromycins A, B, C, and D in accordance with the procedure provided in Example 5, 
below. To ensure that only the desired compound is produced, one can use an S. erythraea 
eryA mutant that is unable to produce 6-dEB but can still carry out the desired conversions 
(Weber et ai., 1985, J. Bacterial. 164{\): 425-433). Also, one can employ other mutant 
strains, such as eryB, eryC y eryG, and/or eryK mutants, or mutant strains having mutations in 
multiple genes, to accumulate a preferred compound. The conversion can also be carried out 
in large fermentors for commercial production. Each of the erythromycins A, B, C, and D has 
antibiotic activity, although erythromycin A has the highest antibiotic activity. Moreover, 
each of these compounds can form, under treatment with mild acid, a C-6 to C-9 hemiketal 
with molilide activity. For formation of hemiketals with motilide activity, erythromycins B, 
C, and D, are preferred, as the presence of a C-12 hydroxyl allows the formation of an 
inactive compound that has a hemiketal formed between C-9 and C-12. 

Thus, the present invention provides the compounds produced by hydroxylation and 
glycosylation of the compounds shown in Figure 2 by action of the enzymes endogenous to 
Saccharopolyspora erythraea and mutant strains of S. erythraea. Such compounds are useful 
as antibiotics or as motilides directly or after chemical modification. 

For use as antibiotics, the compounds of the invention can be used directly without 
further chemical modification. Erythromycins A, B, C, and D all have antibiotic activity, and 
the corresponding compounds of the invention that result from the compounds shown in 
Figure 2 or the Example below being modified by Saccharopolyspora erythraea also have 
antibiotic activity. These compounds can be chemically modified, however, to provide other 
compounds of the invention with potent antibiotic activity. For example, alkylation of 
erythromycin at the C-6 hydroxyl can be used to produce potent antibiotics (clarithromycin is 
C-6-O-methyl), and other useful modifications are described in, for example, Griesgraber et 
aA, 1996, J. Antibiot. 49: 465-477,Agouridas et ai, 1998, J. Med. Chem. 41: 4080-4100, U.S. 
Patent Nos. 5,770,579; 5,760,233; 5,750,510; 5,747,467; 5,747,466; 5,656,607; 5,635,485; 
5,614,614; 5,556,1 18; 5,543,400; 5,527,780; 5,444,051; 5,439,890; and 5,439,889; and PCT 
publication Nos. WO 98/09978 and 98/28316, each of which is incorporated herein by 
reference. 

For use as motilides, the compounds of the invention can be used directly without 
further chemical modification. Erythromycin and certain erythromycin analogs are potent 
agonists of the motilin receptor that can be used clinically as prokinetic agents to induce 
phase IN of migrating motor complexes, to increase esophageal peristalsis and LES pressure 
in patients with GERD, to accelerate gastric emptying in patients with gastric paresis, and to 
stimulate gall bladder contractions in patients after gallstone removal and in diabetics with 
autonomic neuropathy. See Peeters, 1 999, Motilide Web Site, 



WO 00/24907 14 PCT/US99/24483 

http://www.med.kuleuven.ac.be/med/gih/ motilid.htm, and Omura et a/., 1 987, Macrolides 
with gastrointestinal motor stimulating activity, / Med. Chem. 30: 1941-3). The 
corresponding compounds of the invention that result from the compounds shown in Figure 2 
or the Example below being modified by Saccharopolyspora erythraea also have motilide 
activity, particularly after conversion, which can occur in vivo, to the C-6 to C-9 hemiketal by 
treatment with mild acid. Compounds lacking the C-12 hydroxyl are especially preferred for 
use as motilin agonists. These compounds can also be further chemically modified, however, 
to provide other compounds of the invention with potent motilide activity. 

Moreover, there are other useful organisms that can be employed to hydroxy late 
and/or glycosylate the compounds of the invention. As described above, the organisms can be 
mutants unable to produce the polykelide normally produced in that organism, the 
fermentation can be carried out on plates or in large fcrmentors, and the compounds produced 
can be chemically altered after fermentation. Thus, Streptomyces venezuelae, which produces 
picromycin, contains enzymes that can transfer a desosaminyl group to the C-5 hydroxyl and 
a hydroxyl group to the C-12 position. In addition, S. venezuelae contains a glucosylation 
activity that glucosylates the 2*-hydroxyl group of the desosamine sugar. This latter 
modification reduces antibiotic activity, but the glucosyl residue is removed by enzymatic 
action prior to release from the cell. Another organism, S. narbonensis, contains the same 
modification enzymes as S. venezuelae y except the C-12 hydroxylase. Thus, the present 
invention provides the compounds produced by hydroxylation and glycosylation of the 
compounds shown in Figure 2 by action of the enzymes endogenous to S. narbonensis, and S. 
venezuelae. 

Other organisms suitable for making compounds of the invention include 
Streptomyces antibioticus, Micromonospora megalomicea, S. fradiae, and £ thermotolerans. 
S. antibioticus produces oleandomycin and contains enzymes that glycosylate the C-3 
hydroxyl with oleandrosc and the C-5 hydroxyl with desosamine, and an epoxidase that acts 
at C-8. M. megalomicea produces megalomicin and contains enzymes that hydroxylates the 
C-6 and C-12 positions, glycosylates the C-3 hydroxyl with mycarose, the C-5 hydroxyl with 
desosamine, and the C-6 hydroxyl with megosamine (also known as rhodosamine), as well as 
acylating various positions. In addition to antibiotic activity, compounds of the invention 
produced by treatment with M megalomicea enzymes can have antiparasitic activity as well. 
S.fradiae contains enzymes that glycosylate the C-5 hydroxyl with mycaminose and then the 
4'-hydroxyl of mycaminose with mycarose, forming a disaccharide. S. thermotolerans 
contains the same activities as well as acylation activities. Thus, the present invention 
provides the compounds produced by hydroxylation and glycosylation of the compounds 
shown in Figure 2 by action of the enzymes endogenous to S. antibioticus , M. megalomicea, 
S. fradiae, and S. thermotolerans. 
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The present invention also provides methods and genetic constructs for producing the 
glycosylated and/or hydroxylated compounds of the invention directly in the host cell of 
interest. Thus, the recombinant genes of the invention, which include recombinant eryAI, 
eryAII, and eryAIII genes with one or more deletions and/or insertions, including 
replacements of an eryA gene fragment with a gene fragment from a heterologous PKS gene, 
can be included on expression vectors suitable for expression of the encoded gene products in 
Saccharopolyspora erythraea, Streptomyces antibioticus\ Kficromonospora megalomicea, S. 
fradiae, and S. thermotolerans* 

Moreover, additional recombinant gene products can be expressed in the host cell to 
improve production of a desired polyketide. As but one non-limiting example, certain of the 
recombinant PKS proteins of the invention produce a polyketide other than or in addition to 
the predicted polyketide. because the polyketide is cleaved from the PKS by the thioesterase 
(TE) domain in module 6 prior to processing by other domains on the PKS, in particular, the 
KR, DH, and/or ER domains in module 6. The production of the predicted polyketide can be 
increased in such instances by deleting the TE domain coding sequences from the gene and, 
optionally, expressing the TE domain as a separate protein. See Gokhalc et a/., Feb. 1999, 
"Mechanism and specificity of the terminal thioesterase domain from the erythromycin 
polyketide synthase," Chem. & Biol 6: 1 17-125. 

Many of the compounds of the invention contain one or more chiral centers, and all of 
the stereoisomers are included within the scope of the invention, as pure compounds as well 
as mixtures of stereoisomers. Thus the compounds of the invention may be supplied as a 
mixture of stereoisomers in any proportion. 

The compounds of the invention can be produced by growing and fermenting the host 
cells of the invention under conditions known in the art for the production of other 
polyketides. The compounds of the invention can be isolated from the fermentation broths of 
these cultured cells and purified by standard procedures. The compounds can be readily 
formulated to provide the pharmaceutical compositions of the invention. The pharmaceutical 
compositions of the invention can be used in the form of a pharmaceutical preparation, for 
example, in solid, semisolid, or liquid form. This preparation will contain one or more of the 
compounds of the invention as an active ingredient in admixture with an organic or inorganic 
carrier or excipient suitable for external, enteral, or parenteral application. The active 
ingredient may be compounded, for example, with the usual non-toxic, pharmaceutically 
acceptable carriers for tablets, pellets, capsules, suppositories, solutions, emulsions, 
suspensions, and any other form suitable for use. 

The carriers which can be used include water, glucose, lactose, gum acacia, gelatin, 
mannitol, starch paste, magnesium trisilicate, talc, corn starch, keratin, colloidal silica, potato 
starch, urea, and other carriers suitable for use in manufacturing preparations, in solid, semi- 
solid, or liquified form. In addition, auxiliary stabilizing, thickening, and coloring agents and 
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perfumes may be used. For example, the compounds of the invention may be utilized with 
hydroxypropyl methylcellulose essentially as described in U.S. Patent No. 4,916,138 or with 
a surfactant essentially as described in EPO patent publication No. 428,169. 

Oral dosage forms may be prepared essentially as described by Hondo et a/., 1987, 
Transplantation Proceedings XIX, Supp. 6: 1 7-22. Dosage forms for external application may 
be prepared essentially as described in KPO patent publication No. 423,714. The active 
compound is included in the pharmaceutical composition in an amount sufficient to produce 
the desired effect upon the disease process or condition. 

For the treatment of conditions and diseases caused by infection, a compound of the 
invention may be administered orally, topically, parenterally, by inhalation spray, or rectally 
in dosage unit formulations containing conventional non-toxic pharmaceutically acceptable 
carriers, adjuvant, and vehicles. The term parenteral, as used herein, includes subcutaneous 
injections, and intravenous, intramuscular, and intrastemal injection or infusion techniques. 

Dosage levels of the compounds of the invention are of the order from about 0.01 mg 
to about 50 mg per kilogram of body weight per day, preferably from about 0. 1 mg to about 
10 mg per kilogram of body weight per day. The dosage levels arc useful in the treatment of 
the above-indicated conditions (from about 0.7 mg to about 3.5 mg per patient per day, 
assuming a 70 kg patient). In addition, the compounds of the invention may be administered 
on an intermittent basis, i.e., at semi-weekly, weekly, semi-monthly, or monthly intervals. 

The amount of active ingredient that may be combined with the carrier materials to 
produce a single dosage form will vary depending upon the host treated and the particular 
mode of administration. For example, a formulation intended for oral administration to 
humans may contain from 0.5 mg to 5 gm of active agent compounded with an appropriate 
and convenient amount of carrier material, which may vary from about 5 percent to about 95 
percent of the total composition. Dosage unit forms will generally contain from about 0.5 mg 
to about 500 mg of active ingredient. For external administration, the compounds of the 
invention may be formulated within the range of, for example, 0.00001 % to 60% by weight, 
preferably from 0.001% to 10% by weight, and most preferably from about 0.005% to 0.8% 
by weight. 

It will be understood, however, that the specific dose level for any particular patient 
will depend on a variety of factors. These factors include the activity of the specific 
compound employed; the age, body weight, general health, sex, and diet of the subject; the 
time and route of administration and the rate of excretion of the drug; whether a drug 
combination is employed in the treatment; and the severity of the particular disease or 
condition for which therapy is sought. 

The compounds of the invention can be used as single therapeutic agents or in 
combination with other therapeutic agents. Drugs that can be usefully combined with 
compounds of the invention include one or more antibiotic or motilide agents. 
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A detailed description of the invention having been provided above, the following 
examples are given for the purpose of illustrating the invention and shall not be construed as 
being a limitation on the scope of the invention or claims. 

The following examples are given for the purpose of illustrating the present invention and 
shall not be construed as being a limitation on the scope of the invention or claims. 

Example 1 
Restriction Site Engineering 

PCR mutagenesis was used to introduce restriction sites in subclones containing 
portions of the DEBS genes. Replacement of the DEBS domains by the RAPS cassettes were 
performed in the subclones before introduction into pCK7 (Kao etal. y "Engineered 
biosynthesis of a complete macrolactone in a heterologous host," Science 265, 509-512 
(1994)) or pKOSOl 1 -77, which contains a kanamycin resistance-conferring gene and an 
additional restriction enzyme recognition site, described below, in the eryAI gene. The Pstl 
and Xbal sites in module 2 are identical to those previously reported (Bedford et al, "A 
functional chimeric modular polyketide synthase generated via domain replacement," Chem. 
& Biol. 3, 827-831 (1996)). The remaining engineered sites generated the following 
sequences at the domain boundaries (restriction sites underlined): 

module 1 BamHl GGCGCAGCAGGGATCCGTCTTCGTCT, 

module 1 Pstl GCGCGTCTGGCTGCAGCCGAAGCCGG, 

module 1 Xbal GCCGGCCGAA TCTAGA GTGGGCGCGC. 

module 2 BamHl, TCCGACGGTGGATCCGTGTTCGTC, 

module 3 BamHl GGACGGGCGCGGATCCGTCTTCCTGT, 

module 3 Pstl GCGCTACTGGCTGCAGCCCGCCGCAC, 

module 3 Mai GACCGGCGAGTCTAGACAACGGCTCG, 

module 4 BamHl CGCGCCGCGCGGATCCGTCCTGGTCT, 

module 4 Pstl GCGCTTCTGGCTGCAGCCGCACCGGC, 

module 4 Xbal AGGGCCGAAC TCTAGA GACCGGCTCG, 

module 5 BamHl ACTCGCCGC GGATCC GCGATGGTG. 

module 5 Pstl CGGTACTGG CTGCAG ATCCCCACC. 

module 5 Xbal GAGGAGGGC TCTAGA CTCGCCCAG, 

module 6 BamHl TCCGCCGGC GGATTC GTTTTCGTC, 

module 6 Pstl, CGGTACTGG CTGCAGC CGGAGGTG, and 

module 6 Xbal GTGGGGGCCTCTAGAGCGGTGCAG. 



In addition to the foregoing, an Spe\ site was engineered in plasmid pKOSOl 1-77 
downstream of the ACP2 domain with the following oligonucleotide: 
CGGTTTCCTCACTAGTGAGCTCGGCA. 
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Example 2 
Construction of replacement cassettes 
Construction of the rapDWKR4 and rapDWER/KR\ cassettes was previously 
described (McDaniel et al. y "Gain-of-fiinction mutagenesis of a modular polyketide 
synthase /V. Am. Chem. Soc. 119, 4309-4310 (1997) and Kao et a/., "Gain of function 
mutagenesis of the erythromycin polyketide synthase. 2. Engineered biosynthesis of an eight- 
membered ring tetrakctidc lactone,"/. Am. Chem. Soc. 119, 11339-1 1340 (1997)). 
Oligonucleotide primers used for PCR amplification of rapkll were: 

forward, 5 , -TTT GGATCC GTGTTCGTCTTCCCGGGTCAGGGGTCG-3': 
reverse, 5'-TTT CTGCAG CCAGTACCGCTGGTGCTGGAAGGCGTA-3'. 
The underlined residues indicate the BamRl and Pst\ sites used for ligation to the engineered 
DEBS sites. The AT/ACP linker was generated by annealing the following two 
oligonucleotides which create cohesive ends for ligation to the Pst\ and Xbal sites in DEBS 
(both shown in the 5*-3' orientation): 
forward: 

CCGGTGCGGCTCGACGGAGAATTCGCGCATCATCATCATCATCATTAACTGCA; 
reverse: GTTAATGATGATGATGATGATGCGCGAATTCTCCGTCGAGCCGCA. The 
sequence contains portions of ery DNA between the AT and KR, and the KR and ACP 
domains of DEBS module 2. 

Example 3 
Production and analysis of polyketides 
S. coelicolor CH999 and S. lividans K4-1 14 are genetically engineered strains 
containing chromosomal deletions of the entire ca. 22 kb actinorhodin polyketide gene cluster 
(McDaniel et a/., "Engineered biosynthesis of novel polyketides," Science 262, 1546-1 557 
(1993)). Macrolide production from DEBS is indistinguishable when expressed in either host 
strain under the conditions described. Strains expressing the mutant PKSs were grown as 
confluent lawns on R2YE agar medium (Hopwood et aL, "Genetic manipulation of 
Streptomyces: A laboratory manual" (The John Innes Foundation, Norwich, 1985)) 
supplemented with 5 mM sodium propionate. The petri plates (13 X 150 mm) were fitted 
with sterile filter disks (Whatman no. 52, 125 mm) before filling with 50 mL of media. After 
3 days growth, the filter paper and agar were transferred to another petri dish containing 50 
mL of liquid R2YE (plus 5 mM sodium propionate), XAD- 16 resin, and 6 mm glass beads 
for support. After 5 additional days growth, the XAD resin was collected and extracted with 
10 ml of ethanol. The ethanol extracts were dried and partitioned between ethyl acetate and 
saturated aqueous NaHCOa. The ethyl acetate fractions were analyzed by HPLC (C-18 
column, water-acetonitrile gradient) coupled to APCI/MS. Quantitative determination of 
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pblykctidcs was made with evaporative light scattering detection (ELSD). Compounds 
identified here are the major metabolites produced. Some strains also contained detectable 
levels of one or more minor components. 



10 



15 



20 



25 



30 



35 



40 



10 



15 



20 



25 



30 



35 



40 



Example 4 
Characterization of compounds 
Structure determination was primarily based on the agreement between the structure 
predicted for the directed mutagenesis performed and the mass spectrum. Under the chemical 
ionization conditions used for mass spectrometry, 6-dEB and its analogs generate signature 
dehydration patterns corresponding to the ring hydroxy Is and lactone group. Compound 1 1 
was previously reported by Liu et aL who engineered a similar DEBS mutant (Liu et aL, 
"Biosynthesis of 2-nor-6-deoxycrythronolidc B by rationally designed domain substitution," 
J. Am. Chem. Soc. 119, 10553-10554 (1997)). 

Example 5 

Recombinant Constructs and Erythronol ides 
While the genetic constructs used to produce the compounds in Figure 2 have been 
described above, the present invention provides a variety of different compounds for certain 
compounds of the invention as described below. Various additional compounds of the 
invention and the genetic constructs that can be used to prepare these compounds of the 
invention are also described in tabular form below. 

DEBS KR DOMAIN SWAPS 

Cassettes: 
cryKK5 



KOS001-39 •rapDH/lWKRI 

•cry KR6 KOS00 1 -44 fapKJU 
•eryDH/ER/KR4 KOS007-29 T3pKR4 
*rapDH/KR4 KOS001-62 -rapDH/ER/KRI 3 
«rap 14 linker KOS005-I6dup 



KOS008-38 wpDmyUKin KUU0 14-59 

KOS008-36 TapDH/KR9 KOS0 14-35 
KOS008-37 -rapDH/KRlO KOS0 14-47 
KOS0 14-57 TapDH/KR6(nf) KOS014-2 



45 



KR2, DEBSmod 1,2,3,4,5,6 
1 



I 



- -> 



KR2 



in puc 



rapDH/ER/KRI 
rapDH/KR4 KOS009-7 

in puc (Pac/Spe) 
rapDH/KR4 KO SO 15-56 
rapDH/KR9 

rapDH/ER/KRI KOS015-57 
rapDH/ER/KR13 KOS014-63 



in express iun(KA0 127) 

KOSO 11-66 

KOSOll-64 

in expression? 1 1-77) 

KOS015-71 

KOS015-101 

KOS015-72 

KOS023-I3 



product 

1 1 -dcoxy-6dEB 

10,ll-anhydro-6dEB 

product 

I0,U-anhydro-6dEB 

10,11 anhydro-6dEB* 

1 1 -deoxy-6dEB/ 1 0, 1 1 -anhydro-6dEB 

ll-deoxy-6dEB 
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5 




KR3 t DEBSmodl,2,3,4,S,6 












i 


2 




4 5" 


6 






- -> 










10 


5 

10 


rapmodH linker 

rapKR2 

ra P DH/KR4 


in puc fSpe/Bel) 

KOS024-23 
KOS024-24 


KR3 

in exprcssion( 1 1 - 77) product 
KOS024-32" fcaEB - 
KOS024-33 6-dEB 
KOS024-34 6-dEB 






DH/ER/KR4, DEBS mod 1,2,3,4, 5, 6 






l 


2 


3 


4 5 ■ 


6 






-> 










15 


15 
20 


cryDH/ER/KR4 
rapDH/ER/KRI 
rapDH/KR4 
rapmod14 linker 


in delivery vector 

KOS008-16 

KOS008-42 

KOS008-44 

KOS008-45 


DH/ER/KR4 
in expression product 
KOSOl 1-4 fc-dEff" 
KOS0 11-19 6-epi-6-dEB 
KOSOl 1 -2 1 6,7-anhydro-6-dEB 
KOSOl 1-22 7-keto-6dEB 








KR5, DEBSmodl, 2,3,4,5,6 


20 




i 


i 


3 


4 i>. 


6 ~ 






-> 














eryKR5 

rapmodl4 linker 

rapKR4 

rapDH/KR4 

rapDH/ER/KRI 

rapDH/ER/KR7 

rapDH/ER/KRI 3 


in puc(Bgl/RI) 


KR5 

in cxpressionOCAO 1 27) product 
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KOS016-12 

KOS006-178 
KOS006-176 
KOS023-1 
KOS023-3 


KOS016-29 

KOS016-28 

KOS016-148b 

KOS016-32 

KOS026-18b 

KOS023-8 

KOS023-10 


6-dEB 

5-keto-6dEB 

5-keto-6dEB 

4,5-anhydro-6dEB 

5-deoxy-6dEB 

5-keto-6dEB 

5-deoxy-6dEB 






KR6, DEBSmod 1,2,3,4,5, 6 


30 




l 


2 


J 


4 5 " 




35 


40 
45 


l-> 

eryKR6 

rapmodH linker 

AKR6 

spirokctals 

rapKR2 

rapKR4 

rapDH/KR4 

rapDH/ER/KRI 


in delivery vector 
KOSOOg-49 
KOSOl M2 
sptroketals 

KOSO 11 -69 
KOSOl 1-70 
KOS008-48 
KOS008-46 


in expression 
KOSO 11-26 
KOSOl 1-13 

KOS024-9 

KOSOl 1-74 
KOSOl 1-75 
KOS0H-25 
KOSOl 1-23 


product 
6-dEB 

3-keto-6dEB, 2-nor-3-keto-6dEB l 

3-keto-6dEB, 2-nor-3-keto-6dEB, 

3-epi-0dEB, 3-keto products 
3-epi-6dEB 
2,3-anhydnj-6dEB 
2,3*anhydro-6dEB, 3-keto products 




40 


50 


Cassettes: 


DEBS AT DOMAIN SWAPS 






55 


•eryAT4 (propionate) 
•rapAT4 (propionate) 
rap ATS (acetate) 


KOS003-1 *rapAT2 (acetate) 
KOSOl 1-30 

KOS016-X Tap ATI 4 (acetate) 


KOS008-50 
KOSO 14-30 
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ATI, DEBSmodl,2,3,4,5 y 6 












\ 


2 


J 


4 




0 


- - > 

ATI 

in puc (Pac/Xba) 
rapAT2* K6S0H-38 
* also contains rapKiU in module 1 




in expression 
KOS024,15 


product 
l2-nor-6dK» 






AT2, DEBSmodl ,2,3,4,5,6 


l 

i < 


2 




4 


5 


6 


. -> 

AT2 

in puc (Pac/Xba) 
rapAT2 K6S008-41 
rap ATI 4 KOSO 14-43 
rapAT2 KOS008-4 l{Pac/Spe) 


in expression 
KOSO 1 1-62 

KOS015-U0 
KOS015-70(m 11-77) 


product 
10-nor-6dEB 
10-nor-6dEB 
10-nor-6dEB 






AT3, DEBSmodl, 2,3,4,5,6 


i 


2 


3 


4 


:> 


6 


- -> 

swaps in puc: 




AT3 

in expression (KAOIS') 


product 






rapAT2 KO50I5-X 




KOS015-30 


8-nor-6dEB 






AT4 f DEBSmodl,2,3,4,5 t 6 


l 


2 


J 


4 


5 


6 


. -> 

swaps in puc: 
rapAT2 KOS015-Y 




in expression (KA018 1 ) 
KOS&15-29 


AT3 
product 
6dEB 






AT5, DEBSmodl ,2,3,4,5,6 


1 

1 


2 


3 


4 






. -> 

swaps in puc: 
rapAT2 KOS006-188 




in expression (KAOl 8') 
K0551647 


ATS 

product 
4-nor-6dEB 




AT6, DEBSmodl, 2,3,4,5,6 


1 


2 


3 


4 


i 


6 


|-> 

swaps in puc: 
rapAT2(Spe/Pst) KOSO 15-12 
rapAT2(Bam/Pst) KOS01 5-53 


in expression (KAOIS 1 ) product 
KOSO 15-22 5-nor-6dEB 
K.OS015-63 2-nor-6dEB 


AT6 


DEBS AT+KR DOMAIN SWAPS 






DEBS Module 2 












rapAT2 rapXR2 
rapAT2 rapDH/KR4 
rapAT2 rapDH/ER/KRl 




construct 
KDS0TT-82 
KOS015-83 
KOS015-84 


product 

2-nor-3-epi-TKL 

1 0-nor- 1 0, 1 1 -anhydro-6dEB 

10-nor-ll-deoxy-6dEB* 




DEBS Module 5 


Al ICR 

rapAT2 rap 14 linker 




construct 
KOSOld-100 


product 

4-nor-5-keto-6dEB* 
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DEBS Module 6 





rapAT2 
rapAT2 
rapAT2 
rapAT2 
rapAT2 



ICR 

rapKR2 
rapDH/XR4 
rapDH/ER/KRI 
rap 14 linker 
rapDH/KR9 



construct 

KOS015-106 

KOS015-107 

KOS015-108 

KOS015-109 

KOS015-I54 



product 

2-nor-3-epi-6dEB 
2-nor-3-epi-6dEB 
2-nor-3-keto-6dEB 
2-nor-3-keto 6dEB 
2-nor-2,3-anhydro-6dEB 



DEBS Module 2 X Module 5 



DEBS MUTANT CROSSES 



ATT 



"XRJ 



"XTT 



rapAT2 
rapAT2 
rapAT2 

keto-10-nor~6dEB 

rapDH/KR4 rapAT2 

rapDII/KR4 

rapDH/KR4 

rapDH/FR/KRl rapAT2 

dehydrated * 

rapDH/ER/KRI 
rapDH/ER/KRI 
rapDH/KR4 rapAT2 

6dER* 

rapDH/ER/KRI rapAT2 



~KK3 

rap!41inker 
rapDH/KR4 
rapDH/ER/KRI 



rapl41ioker 
rapDH/KRIO 



rapI41inker 
rapDH/KR4 
rap 14 linker 



construct 
K03IHT-S4 
KOS0 11-90 
KOS024-70 

KOS011-82 
KOSOU-85 
KOS011-96 
KOSOll-83 

KOS011-86 
KOS0 11-91 
KOS011-87 



roduct 

Hto^lO-nor-6dEB* 
4 f 5-anhydro-10-nor-6dEB* 
5-deoxy-10-nor-6dEB + 5- 

4- nor- 10, 1 l-anhydro-6dEB* 

5- keto- 10, 11 -anhydro-6dEB* 
5-kcto- 1 0, 1 1 -anhydro-6dEB* 

4- nor-l l-deoxy-6dEB + 

5- kt*lo-l l-deoxy-6dEB 
4,5-anhydro-l l-deoxy-6dEB" 
4-nor-5-keto-10,l 1-anhydro- 



rapUlinker KOS011-8S 4-nor-5-keto- 1 l-deoxy-6dEB* 
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20 



AT2 



KR2 



rapAT2 

rapAT2 

spiroketal 

rapAT2 

rapAT2 



AT6 
rapAT2 



rapDH/KR4 
rapDH/KR4 
rapDH/KR4 



rapAT2 



rapDH/ER/KRI rapAT2 

rapDH/ER/KRI 

rapDH/ER/KRI 



rap AT 14 
rapAT14 
and 



rapDH/ER/KRI 



rapAT2 
rapAT2 



KR6 

rap 14 linker 

rapKR2 
rapDH/iCR4 

rapMlinker 
rapKR2 



rapMlmker 
rapKR2 

rapDH/KR4 

rap!4linker 



35 



45 



construct 
KOS015-1I6 
KOSO 1 5-4 1 

KOS015-S7 
KOSO 15-40 
KOSO 15-42 
KOS015-43 
KOSO 15-88 

KOSO 15-44 
KOSO 15-46 
KOS015-89 

KOS015-45 

KOS015-U7 

KOS015-120 







rapAT14 




rapAT2 


rapKR2 


KOS015-118 


20 


25 


rapATH 




rapAT2 


rapDH/KR4 


KOS015-119 




6dEB* 


rapDH/KR4 


rapAT2 


rap 14 linker 


KOS01 5-122 




30 
35 


6dEB* 


rapDJ{/KR4 


rapAT2 


rapKR2 


KOS015-121 


25 


rapAT2 
anhydro- 


rapDH/ER/KRI 
rapDH/ER/KRI 
rapDH/ER/KRI 
rapDH/KR4 


rapAT2 
rapAT2 
rapAT2 
rapAT2 


rapl41inkcr 

rapKR2 

rapDH/KR4 


KOSO 15- 125 
KOS015-123 
KOS015-124 
KOSO 15- 150 






rapAT2 

6dEB 

rapAT2 


rapDH/KR4 




rapKR2 


KOS015-127 


30 




rapDH/KR4 


rapAT2 


rap 14 linker 


KOS015-152 




40 


rapAT2 
6dEB* 


rapDH/ER/KRI 




rap 14 linker 


KOS015-158 






iapAT2 
6dEB* 

'.IT' "■' !!""_" J ' - 


rapDH/ER/KRI 


rapAT2 




KOS015-159 



product 

2. 1 0-didcsmethy l-6dEB 
3-kcto-10-nor-6dEB + 10-nor- 

3-kcto-10-nor-6dEB 
2,3-anhydro- 1 0-nor-6dEB 

2- oor- 1 0, 1 1 -anhydro-6dEB 

3- kcto-10,l l-anhydro-6dEB* 
3-cpi- 1 0, 1 1 -anhydro-6dEB and 
3-keto * 

2- nor-I l-deoxy-6dEB 

3- keto- 1 l-deoxy-6dEB 
3-cpi- 1 1 -deoxy-6dEB and 
3-keto product* 
2,3-anhydro-I l-deoxy-6dEB 
2, 1 0-didesmethy L6dEB 

2, 10-didesmethyl-3-keto-6dEB 

sprroketal* 

2, 1 0-didesmethyi-3-keto-6dEB 
and sptrokctal* 

2, 1 0-didesmethyl-3-keto-6dEB 
and spirokctal* 
2-nor-3-kcto-tO,l 1-anhydro- 

2-nor-3-cpi- 10, 1 1 -anhydro- 

2-nor-3-keto- 1 1 -deoxy-6dEB 
2-nor-3-epi- 1 1 -deoxy-6dEB 

2- nor-3-cpi- 1 1 -deoxy-6dEB 
2,10-didesmethyl-10,ll- 

6dEB* 

3 -epi- 1 0-nor- 10,11 -anhydro- 

2,10-didesmethyl-3keto-10 1 l t- 
anhydro-6dEB 

3- kcto- 1 0-nor- 1 1 -deoxy- 

2 J 0-didesmethyI-l 1-deoxy- 
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Ab 


RKi 


A 16 


KR6 


construct 


product 

2,4-didesmethy].6dEB» 


rapAT2 




rapAT2 




KOSOI6-183f 




mpI4]inkeT 

* 


rapAT2 




KOS016-152k 


2-nor-5-keto-6dEB 




rapl4linker 




rapKR4 


KOS0lG-I50b 


3-cpi-5-keto-6dEB* 




rapDH/KR4 






1 Y\f\T il ^ ^ nti\#i^1r A /\s*tWl-l on/I 

1- nor-H t j*annyur o*Quco anu 

2- nor-5-keto-6d£B 




rapDH/KR4 




rap 1 4 linker 


KOS016-133k 


3-keto-4 f 5-anhydro-6diiB and 
3.5-dioxo-6dEB* 












rapDH/KR4 




rapKR2 


KOS016-l33b 


3-keto-4,5-anhydro-6dfc:B and 
3,5-dioxo-6dEB* 












rapDH/KR4 




rapKJW 


KOS016-148c 


3-kelo-4,5-anhydro-6dliB and 
3,5-dioxo-6dEB* 












rapAT2 


rapl4linxer 


rapAT2 


rapKR2 


KOS016-183g 


2,4-didesmcthyl-3-epi-6dEB* 
2-nor-3-epi-5-kcto-6dfiB* 




rapAT2 


rapKR2 


KOS016-152i 


and 


rapDH/KR4 


rapAT2 


rapKK2 


KOS016-l52f 


2-nor-3-epi-4 t 5-anhydro-6dFiB 










3-keto* 




rapDH/KR4 


rapAT2 


rapt 4 linker 


KOS016-I52g 


2-nor-3-keto-4,5-anhydro- 
hcmiketal 


6dEB and 










w produce at <0. lmg/L 










mod3 


mod6 






construct 


product 


rapAT2 


rapAT2 






KOSO 15-34 


A8-didesmethyl-6df:B 



mod2 mod5 
rapHH/ER/KRl rapTCtinker 



mod 6 
rapAT2 



construct 
K05ffTT-162 



product 

i-nor-5-kcto- 1 1 *deoxy-6dEB 



Example 6 

Conversion of Erythronolides to Erythromycins 
A sample of an erythronolide (-50 to 100 rug) is dissolved in 0,6 mL of ethanoi and 
diluted to 3 mL with sterile water. This solution is used to overlay a three day old culture of 
Saccharopolyspora erythraea WHM34 (an eryA mutant) grown on a 1 00 mm R2YE agar 
plate at 30°C. After drying, the plate is incubated at 30°C for four days. The agar is chopped 
and then extracted three times with 100 mL portions of 1% triethylaminc in ethyl acetate. The 
extracts are combined and evaporated. The crude product is purified by preparative HPLC 
(CI 8 reversed phase, water-acetonitrile gradient containing 1% acetic acid). Fractions are 
analyzed by mass spectrometry, and those containing pure compound are pooled, neutralized 
with triethylamine, and evaporated to a syrup. The syrup is dissolved in water and extracted 
three times with equal volumes of ethyl acetate. The organic extracts are combined, washed 
once with saturated aqueous NaHC0 3 , dried over Na^SO^ filtered, and evaporated to yield 
-0.15 mg of product. 

All references cited herein are incorporated herein by reference. The invention having now 
been described by way of written description and examples, those of skill in the art will 
recognize that the invention can be practiced in a variety of embodiments and that the 
foregoing description and examples are for purposes of illustration and not limitation of the 
following claims. 
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We claim: 

t . A library of polyketides composed of the polyketide compounds shown in 
Figure 2. 

2. A library of recombinant polyketide synthase (PICS) genes comprising the 
genes encoding the polyketides of Claim 1. 

3. A library of host cells containing the genes of Claim 2. 

4. A library of polyketides composed of the polyketides produced by contacting 
the polyketides of Claim 1 with a host cell selected from the group consisting of 
Saccharopolyspora erythraea, Streptomyces venezuelae, S. narbonensis, S. antibioticus y S. 
fradiae, S. thermotolerans, and Micromonospora megalomicea. 

5. The library of Claim 4, wherein said host cell is Saccharopolyspora erythraea. 

6. The library of Claim 4, wherein said host cell is Streptomyces venezuelae. 

7. The library of Claim 4, wherein said host cell is S. narbonensis. 

8. The library of Claim 4, wherein said host cell is S.fradiae. 

9. The library of Claim 4, wherein said host cell is S. thermotolerans. 

10. The library of Claim 4, wherein said host cell is Micromonospora 
megalomicea. 

1 1 . The library of Claim 4, wherein said host cell is S. antibioticus. 

12. A polyketide selected from the group consisting of 5,6-dideoxy- 10- 
norerythronolide B, 6-deoxy-12-norerythronolide B, 2,10-bisnor-3-oxo-6-deoxy-10,l 1- 
anhydroerythronolide B, and 2,4-bisnor-3-oxo-6-deoxycrythronoIide B, and the glycosylated 
and hydroxylated forms thereof, in substantially pure form. 



13. The polyketide of Claim 1 2 that is 5,6-dideoxy-l0-norerythronolide B. 



WO 00/24907 2 6 PCT/US99/24483 

14. The polyketide of Claim 12 that is 6-deoxy-12-norerythronolide B. 

15. The polyketide of Claim 12 that is 2,10-bisnor-3-oxo-6-deoxy-10J I- 
anhydroerythronolide B. 

16. The polyketide of Claim 12 lhat is 2,4-bisnor-3-oxo-6-deoxyerythronolidc B. 

17. The library of Claim 5, wherein said polyketides comprise a C-6 hydroxyl 

group. 

18. The library of Claim 17, wherein said polyketides comprise a C-6 hydroxyl 
group but lack a C-12 hydroxyl group. 

19. The library of Claim 1 8, wherein said polyketides have been treated with mild 
acid to form a hemiketal. 

20. A polyketide in the library of Claim 19 in substantially pure form. 
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Supplemental Mass Spectrometry Data 

In general, the major ion was (he first dehydration fragment and the parent ion was small or not 
observed. 1. 387 (M+H*), 369, 351, 331, 315; 2, 355 (M+H- -H 2 0), 337, 319, 301; 3. 369 
(M+H*),351. 333, 315; 4. 371 (M+H*), 353, 335, 317; 5. 355 (M+H*), 337, 319, 301; 6, 339 
(M+H* -H 2 0), 321, 303; 7, 373 (M+H*). 355, 337, 319; 8. 385 (M+H*), 367, 349, 331; 9, 
369 (M+H*). 351. 333; 10. 371 (M+H*).353, 335, 317; 11, 373 (M+H*), 355, 337, 319; 12. 
385 (M+H*). 367, 349; 13. 369 (M+H*). 351, 333, 315; 14, 371 (M+H+), 353. 335, 317; 15, 
355 (M+H* -H2O). 337. 319. 301; 16, 371 (M+H+). 353. 335. 317; 17. 355 (M+H*). 337, 
319, 301; 18. 357 (M+H+), 339, 321, 303; 19. 355 (M+H*), 337, 319; 20. 367 (M+H*), 349. 
331; 21. 339 (M+H* -H 2 0). 321, 303; 22, 369 (M+H*). 351, 333; 23, 353 (M+H+), 335. 317; 
24, 341 (M+H* -H 2 0). 323, 305, 287; 25, 371 (M+H*), 353, 335; 26, 355 (M+H*), 337, 319, 
301; 27, 337 (M+H* -H 2 0), 319, 301; 28, 367 (M+H*), 349. 331; 29, 357 (M+H*), 339. 321, 
303; 30. 369 (M+H*), 351, 333; 31, 357 (M+H+), 339, 321, 303; 32, 353 (M+H*). 335. 317: 
33, 355 (M+H*). 337, 319f 34, 355 (M+H*), 337, 319, 301; 35, 373 (M+H*). 355, 337, 319; 
36. 373 (M+H+). 355, 337, 319; 37. 385 (M+H*). 367. 351, 349; 38, 387 (M+H+), 369. 351. 
333, 315; 39. 353 (M+H*). 335. 317; 40, 355 (M+H*), 337, 319; 41, 369 (M+H*), 351, 333. 
315; 42, 371 (M+H*), 353. 335. 317; 43, 357 (M+H*), 339. 321. 303; 44. 337 (M+H* -H 2 0). 
319. 301; 45, 339 (M+H*-H20), 321, 303;, 46, 323 (M+H* -H2O). 305, 287; 47, 355 
(M+H*), 337. 319. 301; 48. 337 (M+H*"rhO), 319; 49. 325 (M+H* -H 2 0). 307, 289; 50. 
341 (M+H* -H2O), 323. 305; 51, 359 (M+H*), 341, 323, 305; 52, 371 (M+H*), 353, 335, 
317; 53, 385 (M+H*), 367. 349; 54, 355 (M+H*), 337, 319, 301; 55, 367 (M+H*), 349, 331; 
56, 3S3 (M+H+), 365, 347; 57, 341 (M+H* -H 2 0), 323, 305, 237; 58, 339 (M+H* -H 2 0), 
321, 303; 59, 371 (M+H*). 353, 335; 60, 355 (M+H*), 337, 319; 61. 353 (M+H*), 335. 317. 
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Supplemental NMR Data 
6-deoxyerythronoiidc B (1), £<*<-DMSO, 400 Hz)*: 





13C (OBW) 


1H (nam. n. J) 


Cl 


178.4 




C2 


43.9 


2.72-2.82 a 


C3 


79.5 


3.90 d 


C4 


37.4 


1.61*1.9 m 


C3 


76.3 


3.99 d 


C6 


33.4 


1.96-2.06 a 


C7 


37.6 


1.61-1.9 m 






1.20*1.30 a 


C8 


39.3 


2.56-2.64 a 


C9 


21J.7 




CIO 


43.4 


2.73*2.32 m 


Cll 


70.9 


3.67 dm 


C12 


40.5 


1.61-1.9 m 


CXJ 


76.2 


5.12 dd.Js9.7 


C14 


25.4 


1.61-1.9 ai 






1.45-1.38 m 


CIS 


10. 6 


0.92 d,J.t.4 


Me2 


14.7 


1,29 d,J-6.B 


Me4 


6.9 


1.02-1.07 d 


M«6 


16.6 


1.02*1.07 d 


Me8 


13.2 


1.02-1.07 d 


w*io 


6.2 


1.01 d.J-6.8 


M»12 


9.2 


0.88 d.J»6.9 



* provided for comparative purposes. Data provided by J. R. Jacobseo, Stanford 
University. 



WO 00/24907 



PCT/US99/24483 



5/9 



Compound 4 (6,ll~dideoxyerythronolide fi), (</ r DMSO, 400 Hz): 



1JC-NKR: ± 6-dEBtll 

CI 176.0 178.4 

C2 43,7 43.9 

C3 76.6 79.5 

C4 39.0 37.4 

C5 "?9.4 76.3 

C6 VS. 6 35.4 

C7 37.3 37.6 

CS 39.2 39.3 

C9 216.2 213.7 

CIO 40.3 43.4 

Cll 34.0 70.9 CHOH -> CH2 

C12 36.4 40.5 

CU 78.9 7«,2 

CU 25.7 25.4 

CIS 10.4 10.6 

Mft2 14 . 6 14.7 

He 4 7.1 6.9 

Me 6 16.9 16.6 

MeS 13.3 13.2 

HelO 10.2 6.2 

Mel2 14,2 9.2 



1H-NMR: 



H2 


2.74 


dg.J=7.10 


M3 


3.83 


d. J«10 


K4 


1.90 


m 


H5 


3.92 


dd, J-2,4 


H6 


1.90 


m 




1. /3 


ddd.J«4,13,13 


K7eq 


1.23 


ust 


H3 


2.63 


m 


H10 


2.63 


m 


HI lax 


1.S6 


dc. J=3,13 


Hlleq 


1.34 


dc. Js3,13 


H12 


1.72 


'JH 


U13 


4.94 


dd. J=4,10 


H14a 


1.62 


m 


K14b 


1.52 


m 


HIS 


0.89 


t,J-7 


M02 


1.25 


d, J-7 


tt«4 


1.07 


d,J«7 


tf«e 


1.06 


d, J»7 


M*B 


1.04 


d. J-7 


HelO 


0.98 


d. J»7 


Hel2 


0.93 


d.J-7 
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Compound 12 (3,frdideoxy-3-oxo«rythronolide B), (rf 4 -DMSO, 400 Hz): 

13C-NMR: _ , 

CI 171.9 178.4 

C2 50.5 43.9 

CHOH -> C«0 



1H-NMR: 







6-dEB£l> 


CI 


171.9 


178.4 


C2 


50.5 


43.9 


C3 


207.6 


79.5 


C4 


47.4 


37.4 


C5 


71.3 


76.3 


C6 


35.2 


35.4 


C7 


36 .5 


37. S 


C8 


40.0 


39.3 


C9 


215.4 


213.7 


CIO 


42.2 


43.4 


Cll 


70 .6 


70.9 


C12 


41.7 


40.5 


C13 


77.0 


76.2 


CI 4 


25.2 


25.4 


CIS 


10.4 


10.6 


Me2 


13.4 


14.7 


Me4 


12.2 


6.9 


Meti 


17.8 


16. 6 


Me 8 


14.5 


13.2 


MelO 


7.1 


6.2 


Mftl2 


9.2 


9.2 



H2 


3. 95 


q, J=7 


H4 


2.86 


dq, J=7 , 3 .5 


H5 


4.05 


t.J»3. 5 


H6 


1.84 


zn 


H7ax 


1.61 


in 


H7eq 


1.27 


dd,J=8,14 


H8 


2.70 


ddq, J-4,7,12 


H10 


2.81 


dq, J«7 > 2 


Hll 


3.57 


dd, J-10.2 


K12 


1.S1 


m 


K13 


5.21 


ddd.J=10,5.1 


K14a 


1.80 


m 


K14b 


1.53 




HI 5 


0.93 




He2 


1.33 


d,J»7 


Me4 


1.29 


d,J«7 


Me6 


1.08 


d.J-7 


He8 


1.03 


d.J«7 


MelO 


1.02 


d.J«7 


Ktl2 


0.95 


d,J»7 
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Compound 14 (2-dc3raethyl-3 1 *>-<Hdeoxy-3-oxoerythrono!ide B) f (4<-DMSO, 400 
Hz): 

13C-NMR: 14 S-dEBU) 



CHOH -> C-0 



1H-NHR: 



CI 


167.4 




173.4 


C2 


48.4 




43.9 


C3 


204.3 




79.5 


C4 


48.4 




37.4 


C5 


72.6 




76.3 


C6 


35. 0 




35.4 


C7 


36.9 




37.6 


CS 


42.1 




39.3 


C9 


215.9 




213.7 


CIO 


42 .3 




43.4 


Cll 


70 .4 




70,9 


C12 


39.8 




40. 5 


C1J 


77.1 




76.2 


C14 


25. 1 




25.4 


CIS 


10 .3 




10.6 


K«2 


— ■ 




14.7 


Ke4 


11.7 




6.9 


Ketf 


17.9 




16.6 


Me 8 


14.9 




13.2 


KelO 


7.4 




6.2 


Kel2 


9.1 




9.2 


H2ax 


3.36 


d. J=12 


.5 


H2«q 


3.30 


d. J=12 


.5 


H4 


2.87 


dq, J=4.7 


H3 


4.05 


t, J*4 




H6 


1.80 


T7R 




H7«x 


1.63 


ddd, J*6,a,l« 


H7eq 


1.32 


dd. J-8,14 


H8 


2.82 


UR 




H1Q 


2.82 


UR 




KU 


3.61 


dd. J«10,2 


H12 


1.80 


UR 




H13 


5.25 


ddd*'J« 


1.6.8 


Hl4a 


1.80 


.OR' 




H14b 


1.56 


m 




HIS 


0.93 






M«a 


1.29 


d, J»7 






1.11 


d,J»7 






1.04 


d.J«7 




KelO 


1.04 


d.J«7 




K612 


0.95 


d,J-7 





UR. unrtsolvod 
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Compound 13 {2,3-aiihydro-^dEB), 04-DfVfSO, 400 Hz): 



1K-HMR: 



H3 


6.61 




H4 


2.91 


dq. J=7.l 


HS 


3.21 


d. J«9 


H6 


tto 




H7ax 


1.72 


m 


H7eq 


NO 




H8 


2.54 


m 


Htn 


2.54 


m 


Hll 


3.54 


br d.J»10 


HI 2 


1.80 


m 


HI 3 


S.25 


ddd, J=9. 5.1.5 


Hlda 


1.80 


m 


HI 4b 


1.32 


m 


HI 5 


0.98 




W©2 


1.92 


d,J«l C 


Me4 


1.21 


d, J»7 


We 6 


1.19 


d.J«7 


M»9 


1.C6 


d, J«7 


Mo 10 


i.oa 


d, Ja7 


Mel2 


a. 92 


d, J=7 



CH3 -CH-CHOH -> CH3-C-CH 



CHJ-CH CHOH -> CH3-C«CH 



MO. not observed 

*, could not be unambiguously assigned 
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Compound 52 (2-de9methyl-5^dideoxv-S*oxDerythronoUde B), WHDMSO, 
400 Hz): 





32 


S-d£Btl) 


Cl 


171. 1 


178.4 


C2 


39. 7 


43.9 


C3 


6a .5 


79. S 


C4 


45. 6 


37.4 


C5 


2X9.6 


76.3 


C6 


45,9 


35.4 


C7 


38.9 


37.6 


Cfl 


39.9 


39.3 


C9 


216.5 


213.7 


CIO 


45.4 


43.4 


Cll 


70.5 


70.9 


C12 


36.4 


40.5 


C13 


75.5 


76.2 


C14 


25.5 


25.4 


CIS 


10.4 


10.6 


Me2 




14.7 


He4 


9.1 


6.9 


M«6 


16.3 


16.6 


Mo8 


14.4 


13.2 


M«10 


3.3 


6.2 


Mel2 


9.1 


9.2 



1K-NMR: 

H2 2.72 m. 2H 

R3 4.14 dd, J-7,7 

H4 3.25 q, J-7 

H6 2.89 q. J-7 

H7ax 2.00 ddd, JO, 11,14 

H7eq 1.26 m 

H8 2.66 n 

HIO 2.66 m 

Kll 3.44 d. J-10 

K12 1.75 UR 

(Q3 5.47 dd. J»5,7 

Kl4a 1.78 m 

H14b 1.54 a 

HIS 0.93 ,t.J-7 

Ka4 1.21 d.J-7 

M«6 1.19 d,J*7 

M«8 1.11 d,J«7 

HalO 1.08 d,J»7 

Mtl2 0.92 d.J-7 
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